FOX. Nhlh2: a basic helix-loop-helix transcription factor controlling physical activity. Exerc. Sport Sci. Rev., Vol. 36, No. 4, pp. 187Y192, 2008. In mice, targeted deletion of the basic helix-loop-helix transcription factor, nescient helix-loop-helix 2 (Nhlh2), leads to adult-onset obesity and reduced physical activity. We propose the novel hypothesis that transcriptional activity by Nhlh2 (NHLH2 in humans) controls either the ability or the motivation for exercise.
INTRODUCTION
Normal body weight is only maintained when there is a balance between energy taken in (food) and energy expended (metabolism and physical activity). To this end, individuals can conscientiously alter only their daily level of physical activity and their food intake. The Surgeon General recommends that individuals get a minimum of 30 min of moderate activity each day to maintain a healthy lifestyle. Still, approximately 23% of all adults surveyed by the U.S. Center for Disease Control and Prevention in 2006 performed no physical activity in the previous month (http://www.cdc.gov/ BRFSS/). In societies like the United States with readily available food accompanied by sedentary lifestyles, obesity ensues. The latest U.S. data indicate that fewer than 38% of Americans have a body mass index of less than 24.9; thus, more than 60% of individuals in the United States are either obese or overweight (http://www.cdc.gov/BRFSS/). Whereas environmental and social factors surely contribute to these trends, the latest edition of the Human Obesity Gene map (http://obesitygene.pbrc.edu/) lists 11 genes whose mutant forms directly contribute to single-gene mendelian inheritance of obesity. A total of 127 other genes are candidates for linkage to human obese phenotypes (13) . There are also genes that could contribute to differences in either ability or motivation for physical activity, as identified using human and animal studies. The most recent update of the Human Gene Map for Performance and Health-Related Fitness Phenotypes lists 165 possible loci that could modulate physical activity, including 15 mitochondrial-encoded genes and 16 nuclear-encoded genes that have been directly linked to a human phenotype of exercise intolerance (12) . Thus, evidence exists for the presence of genes controlling either the motivation or ability to exercise; individuals with polymorphisms that negatively affect these genes would be expected to show reduced physical activity and could display an overweight or obese phenotype.
We asked how many genes or linked loci were cross-listed on both the online Human Obesity Gene Map Database (13) (http://obesitygene.pbrc.edu/) search engine and on the Human Gene Map for Performance and Health-Related Fitness Phenotypes (12) . Of the 165 loci on the Human Gene Map for Performance and Health-Related Fitness phenotypes, 66 loci (or È40%) are colisted on the Human Obesity Gene Map Database (Table) . Thus, more than one third of the genes or loci that affect physical activity also are implicated in body weight regulation.
Unlike the map for performance and fitness, which focuses only on genes and loci identified through human studies, the Human Obesity Gene Map also lists 244 genes and 408 loci that affect body weight in transgenic or knockout (KO) mice (13) . Mouse models of obesity and overweight can be divided into those models displaying juvenile-onset obesity and those models displaying adult-onset obesity. Interestingly, many transgenic and knockout mouse models have reduced energy expenditure through exercise. Some of these models are listed on Table, although many have not been specifically tested for relative exercise levels. Likewise, there are mouse models whose physical activity phenotypes are known, but the genes are not currently listed on the Human Gene Map for Performance and Health-Related Fitness phenotypes. Thus, it is likely that more genes will be added to this map once more human linkage and analysis studies analyzing those genes identified in mice are completed. We believe that one such gene that will be added in the future is nescient helix-loop-helix 2 (NHLH2, human; Nhlh2, mouse). NHLH2 is a basic helix-loop-helix transcription factor that controls body weight through control of physical activity levels. When Nhlh2 is deleted in mice (N2KO mice), adultonset obesity ensues (3, 7) . Overeating does not cause obesity in N2KO mice; rather reduced spontaneous physical activity levels precede the overweight phenotype (3) . Using new and published data from our laboratory and published articles from other laboratories, we provide evidence that the NHLH2 gene has the potential to influence either an individual's motivation or ability to perform physical activity.
THE Nhlh2/NHLH2 GENE AND GENETIC LINKAGE STUDIES
The murine Nhlh2 gene was originally cloned using its homology to the leukemia and red-blood-cell differentiation factor, SCL/tal-1 (5) . The human gene was subsequently characterized and mapped to chromosome 1p11<1p12 (4).
To determine whether any loci linked to performance and physical activity existed for the chromosomal region containing NHLH2, we used the Human Gene Map for Performance and Physical Activity Traits and compared it with the Human Genome Map Viewer (4). One locus marker, D1S189, on human chromosome 1 lies just approximately 300,000 base pair (bp) proximal to NHLH2 at 1p13 ( Fig. 1 ). D1S189 marker is linked in 12 related individuals to a phenotype of autosomal-recessive exercise-induced polymorphic ventricular tachycardia (5) , suggesting that the causative gene for this disorder is located near this region where the marker DNA is located. The relative proximity of NHLH2 to this marker region makes NHLH2 a putative candidate gene for this disorder. NHLH2 should be sequenced in these patients. Our laboratory has not studied the heart tissues or physiology from mice with a targeted deletion of the Nhlh2 gene, but mice with deletion of a related gene, Nhlh1, display a similar phenotype of stress-induced cardiac arrhythmias (6) . Further analysis of NHLH2 in association with other heart disease using publicly available gene expression array data sets found that NHLH2 is elevated in 11 of 13 individuals with dilated cardiomyopathy (Gene Expression NCBI data sets, number GDS2206; (4)). In the original article, NHLH2 expression is listed as 1.3-fold higher in affected patients, with a significant difference between the affected and unaffected patients (1) . Interestingly, the related bHLH transcription factor, NHLH1, shows a trend toward being reduced in these Each gene or locus is listed by human chromosome number. Chromosomes 16 and 21 have no overlapping loci. Mouse models include naturally occurring mutants, transgenics, and targeted deletion (knockout) mutants. Models are only listed for genes that are on both maps and were identified using the Human Obesity Gene Map Database (13) and a textbook of models for biomedical research (6) . same samples (4). These two sets of data suggest that elevated NHLH2 expression could be either a cause or an effect of heart disease. Likewise, polymorphisms in the NHLH2 gene could be one cause of human exercise-induced performance phenotypes related to familial cardiac myopathy or tachycardia.
Analysis of the more than 800 individuals listed in the NCBI single nucleotide polymorphism (SNP) database has identified no polymorphisms in the protein-coding region of the human NHLH2 gene. The protein-coding region of the gene is only 402 bp in length or just 6% of the total size of the messenger RNA (mRNA) for NHLH2. Within this region of chromosome 1, polymorphisms are predicted to be found every 400Y600 bp of genomic DNA, so the expectation would be to find one polymorphism within that region. A total of five SNPs have been detected in the 3 ¶untranslated region of the NHLH2 mRNA, which is approximately 1.5 kilobase in size. This is slightly higher than the estimated average of two to three polymorphisms predicted for this region. The 3 ¶untranslated tail of NHLH2 mRNA is thought to mediate posttranscriptional control of NHLH2 through mRNA stability. One published article describes positive regulation of NHLH2 mRNA by the heterogeneous nuclear ribonucleoprotein, hnRNP-U (16), but the mechanism of this regulation and effects of any of these SNPs in human NHLH2 mRNA expression has not been further explored.
NHLH2 is implicated in the transcriptional control of another human gene, the melanocortin-4-receptor (MC4R). Functional polymorphisms in the MC4R gene are one of the most common causes of genetic obesity (4) . MC4R is the receptor for the neuropeptide alpha melanocyteYstimulating hormone (>-MSH). Studies in animals have shown that the finite control of the levels for both >-MSH and MC4R are necessary for control of food intake, metabolism, and exercise (10, 14) . In two separate studies, polymorphisms in the MC4R gene have been linked to a lower exercise level in humans (2, 11) In the first study, individuals with either a homozygous or heterozygous variation in the MC4R gene (MC4R-2745C/T or MC4R-2745T/T) were significantly more sedentary than individuals carrying the wild-type allele (MC4R-2745C/C; here on defined as normal) (11) . In this study, physical activity levels were measured using a questionnaire assessing physical activity levels during the past year and a 3-d activity record kept during the study (11) . In the second study, a QTL on chromosome 18q was linked to sedentary behavior, and 6 subjects in the study were found to harbor a mutation (MC4R-G55T) in MC4R gene (2) . These data suggest that MC4R signaling may affect exercise behavior in humans, although the mechanism is not yet known. Recently, two unrelated human families with obesity were shown to carry a polymorphism in the promoter of MC4R within an E-box motif that binds human NHLH2 (15) . These data suggest that NHLH2 can transcriptionally control levels of MC4R mRNA and, in conjunction with the studies linking MC4R to physical activity, ties NHLH2 activity to control of exercise in humans. Further analysis of NHLH2's transcriptional activity in the control of MC4R expression and the identification of other families with MC4R promoter mutations could allow for a comprehensive analysis of NHLH2 control of human exercise levels through MC4R regulation. 
Exercise During Fed Conditions
In 1997, the adult-onset obese phenotype of mice containing a targeted deletion of Nhlh2 (N2KO mice) was described (5) . Further characterization of this mouse model of adult-onset obesity showed that, although preobese adult N2KO mice have normal levels of food intake, spontaneous voluntary exercise was decreased by more than 50% in both male and female N2KO mice when given free access to running wheels. The mice showed no difference in the circadian pattern of running and no motor deficiencies in standard rotarod apparatus tests, indicating that lack of physical exercise was not caused by motor or balance problems (3) .
Careful study of that data shows that, although N2KO mice can get on and remain on the wheels, they show a reduced number of wheel turns compared with normal mice. Because of the nature of the collected data set, we were not able to discern whether N2KO mice run continuously but at a lower overall speed for the entire 20-min bin or if they get on and off the wheels, running in quick bursts of activity. This information could start to answer the question of whether N2KO mice have a reduced motivation for exercise or a reduced ability to engage in long bouts of exercise.
We then studied home cage ambulatory activity in the mutant animals in an attempt to elucidate the question of motivation versus ability. These data allowed us to analyze total daily regular activity via laser beam breaks in the home cage of individually housed animals. We identified a significant reduction in regular home-cage activity of both male and female N2KO mice (Fig. 2) , and these differences were found in lower overall activity levels at each measured time point, especially during the lights-off period when normal mice showed maximal activity (data not shown). This homecage activity pattern is similar to our published study using running wheels (3) . These data suggest that N2KO mice show lower overall activity levels over long time periods, rather than fewer short bursts of activity. Analysis of the total activity each hour, which is a sum of 3 of the 20-min time points, underlines this point. Specifically, there is a 50% overall reduction in total hourly activity in N2KO mice compared with normal mice (P e 0.001, data not shown). Thus, no matter which way activity levels are measured (20-min bins, hourly or daily) physical activity is reduced for N2KO mice. Although these additional data did not completely answer the question as to whether the motivation to start exercising or the ability to sustain exercise is affected, they do suggest that the maintenance of constant activity levels during any 24-h period is affected in the mutant animals. This phenotype is especially prominent during lightsoff periods when normal mice have high activity levels but is also measurable during lights-on periods. Because reduced physical activity in N2KO mice occurs without the hyperphagia present in many obese mouse models (5) , the N2KO mice may be a good model for humans who eat a healthy diet but have a sedentary lifestyle.
Exercise During Food Deprivation
In mammals, it is hypothesized that body weight is regulated by balancing energy (food) taken in, with energy expenditure in the form of metabolism and exercise. It is well known in humans and rodent models that calorie restriction alone will not result in sustained weight loss and that, after the restriction is lifted, weight gain occurs, sometimes in excess. One study in mice found that a 27% reduction in physical activity levels occurs during the calorie restriction period. Furthermore, the calorie-restricted group showed weight loss only initially and then continued to gain weight even while on a calorie-restricted diet (8) . This is thought to occur through the compensatory reduction in energy expenditure by each individual. Although this is a longer study with calorie restriction and not total food deprivation, we sought to determine what would happen during total food deprivation in animals that already have reduced levels of physical activity. We modeled this condition using N2KO mice. As expected, during the ad libitum feeding conditions, N2KO mice showed a significant reduction in daily wheel running (Fig. 3A) , as we had shown previously in the standard wheel running test (3) . Both normal and N2KO mice were then subjected to a 24-h food deprivation period. As shown in Figure 3B , during food restriction, both normal and N2KO mice reduced their total wheel running activity by 20%Y30%. This reduction occurred in the N2KO mice, although they were running less to begin with (compare normal (WT) vs N2KO levels; Fig. 3A) . What is even more interesting is that the reduced activity levels of the mutant N2KO mice persist even when food is returned ad libitum for a 24-h period (Fig. 3B ). Activity levels in normal mice returned to baseline with return of food. Surprisingly, there is no difference between the two genotypes in total food eaten after the food deprivation period, indicating that N2KO mice do not show the food deprivationYinduced hyperphagia, which is also characteristic of many obese mice (Fig. 3C ). Extending these data, we propose that short-term food restriction in N2KO mice could result in even higher body weight gain than animals that were never food deprived at all. In other words, whereas WT mice show a return to high exercise levels when food is returned, N2KO mice do not exercise at higher levels, although they are eating a similar level of food as WT mice. If translated to humans, individuals with polymorphisms in the NHLH2 gene or polymorphisms in the promoters of NHLH2-target genes could be at risk for higher weight gain after cessation of a dieting regimen if increased activity levels are not conscientiously maintained.
EVIDENCE THAT NHLH2 COULD CONTROL EITHER THE MOTIVATION OR THE ABILITY TO EXERCISE
In this review, we present evidence that NHLH2 transcriptional activity may control some aspect of physical activity in humans, based on both human genetic evidence and phenotypic evidence from mice with a targeted deletion of the murine Nhlh2 gene. These data clearly demonstrate that functional inactivation of the Nhlh2 gene leads to decreased daily physical activity and that this is one of the contributing factors in adult-onset obesity observed in this mouse model. The genetic basis for body weight differences in humans can be linked to 11 single-gene mutations and to more than 600 other genes that could act together to influence various aspects of body weight control (13) . Possible phenotypic influences are likely to include both the motivation and ability to perform moderate physical activity on a weekly basis. Although there are a growing number of genes with evidence for a genetic association to physical activity traits, more work in this area needs to be done. At this time, our data do not allow us to discriminate between whether N2KO mice are less motivated to exercise or whether physical problems affecting the muscle tissue of these animals contribute to the reduction in physical activity. Both of these possibilities will be discussed below.
Signals from the nervous system clearly participate in modulating motivational responses (5) . One of the neuropeptides possibly involved in the motivation to continue sustained exercise is A-endorphin. A-Endorphin levels affect mood and pain perception and are increased after moderate exercise. We have previously shown that levels of the gene prohormone convertase I (PC1) are reduced by up to 60% in N2KO mice (5) . PC1 activity is necessary for the initial step leading to the complete processing of the A-endorphin precursor molecule, pro-opiomelanocortin (POMC). Our original studies on PC1-mediated POMC processing in N2KO mice were focused on >-MSH processing (another POMC derivative). As such, these studies did not directly access A-endorphin levels, but reduced levels of PC1 in N2KO mice is likely to contribute to a decline in all POMCderived neuropeptides in these animals. Simply put, it is possible that N2KO mice do not display the positive reinforcement in the form of endorphin secretion that would normally occur during exercise. This lack of positive reinforcement could lead to a lack of motivation for continued or subsequent exercise. This possibility has not been studied by our laboratory and has not been pursued in the Aendorphin knockout mice, which attain a body weight that is 10%Y15% higher than that of normal mice (14, 15) . These types of studies should be initialized to fully capture the consequences of lower preY and postYA-endorphin levels on physical activity.
Physical activity also requires full muscle function without premature muscle fatigue. In addition to Nhlh2's Figure 3 . The effect of food deprivation on wheel running activity in N2KO mice. Mice were acclimated for 3 d to cages containing computerized running wheels (Columbus Instruments International). Wheel running was then measured for 24 h during ad libitum access to food. At 11 a.m. the following day, food was removed, and wheel running was accessed for 24 h of food deprivation. At 11 a.m. the following day, ad libitum food was returned to the animals, and wheel running was accessed for 24 h of food return. The data are reported as the percent of activity levels during ad libitum feeding for each genotype. well-documented expression in tissues of the central and peripheral nervous systems, anecdotal evidence indicates that NHLH2 also is expressed in human muscle tissue. We have already described studies of human heart mRNA expression profiles, which identify NHLH2 being up-regulated in individuals with dilated cardiomyopathy (1, 9) . Furthermore, online gene expression studies (www.genecard.org) in normal human tissues suggest that NHLH2 mRNA may be expressed in human skeletal muscle. Our laboratory has begun preliminary analyses of muscle function in N2KO mice, and our data also support a requirement for Nhlh2 to promote normal skeletal muscle appearance and function (data not shown). Should NHLH2 play a significant role in skeletal or heart muscle function, then individuals with inactivating or altered function mutations could have a diminished capacity for physical activity.
SUMMARY
This review has presented evidence to support the hypothesis that transcriptional activity by Nhlh2 promotes either the motivation or the ability to exercise. Loss of Nhlh2 through either directed mutation (N2KO mice) or spontaneous mutations (either in Nhlh2 or its target genes) leads to reduced physical activity and body weight gain. Significant additional work is needed to determine how Nhlh2 controls either the motivation or ability to engage in regular and high levels of physical activity (Fig. 4 ). Along these lines, hypothalamic A-endorphin levels should be measured, and if low, exercise studies should be conducted in the presence or absence of A-endorphin agonists to determine whether low A-endorphin contributes to reduced exercise. The possibility that a defective melanocortin signaling pathway may contribute to low levels of exercise in N2KO mice should be examined, including an in-depth analysis of the possible transcriptional control of MC4R by Nhlh2 and studies to replenish >-MSH levels in N2KO mice and examine resultant effects on exercise. Other studies to confirm NHLH2's expression in heart and skeletal muscle, to determine what conditions (exercise, leptin, food, etc.) change its expression level in these tissues, and to determine how functional inactivation of NHLH2 may affect the phenotype of muscle need to be conducted. Together, these studies will serve as a guide for future human research into NHLH2's role in human physical activity and body weight control. Figure 4 . Diagram showing the possible role of nescient helix-loophelix 2 (Nhlh2) in mediating brain and skeletal muscle function and exercise levels. Nhlh2 activity in the brain could control the motivation to exercise through either A-endorphin processing or melanocortin signaling, In skeletal muscle tissue, Nhlh2 could control the differentiation and/ or regeneration of muscle tissue after exercise or muscle metabolism of glucose and fatty acid substrates.
